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Abstract—Climate change has become one of the most serious 
problems nowadays. Electric power industry, as a major emitter 
of greenhouse gas CO2, has been demanded to develop in an 
environmental friendly way. This paper presents economic 
dispatch model considering carbon reduction policies, as well as 
basic data analysis to determine the impact of policy-guided 
carbon emission reduction strategies on power system operation 
and dispatch. Carbon reduction mechanisms are simulated and 
discussed in different case studies. By analyzing the effect of 
different carbon reduction policies, this model can be used to 
help regulators with decision making and system operators with 
economical and environmental operation. 
Index Terms — Carbon emission, carbon trading, economic 
dispatch, energy policy, power system operation, optimal power 
flow. 
I. INTRODUCTION 
As one of the results of industrial manufacturing and 
economy development, emissions of CO2 and other 
greenhouse gases have become one of the important issues 
affecting human’s living environment. Extreme weathers have 
recalled people’s awareness of global warming issues.  Kyoto
Protocol adopted in 1997 [1] demands governments around 
the world to take responsibilities of reducing emissions of 
industrial productions.
Electric energy is the major form of energy consumption 
in the modern society, and it is a necessity to economy 
development. However, power industry is the major emission 
sources of CO2 besides transportation sectors. The demand of 
carbon emission reduction may lead to far-reaching 
consequences of traditional fossil-fuel based power plants, 
which nowadays still contribute more than two third of the 
total power generation in the world. Therefore, carbon 
emission reduction may seriously impact the power generation. 
The conflict between economy development and environment 
conservation has become a quite tricky problem. 
Emission reduction strategies have been taken on both 
technical aspect and regulatory aspect. CO2 capture and 
storage is a quite efficient and fundamental way to reduce CO2
emissions [2][3]. Models of flexible operation mechanisms are 
proposed and optimized by researchers to minimize the 
emission from the viewpoint of power plants [4]. Renewable 
energy, on the other hand, also draws much attention as an 
effective approach to limit the emission of power generation. 
In [5] and [6], a methodology is proposed to estimate the pay-
off with renewable energy sources to access power systems.
To achieve the carbon emission reduction targets set by 
governments, policy-guided strategies have been adopted by 
in different countries. One of the most successful and widely 
used strategies is cap and trade mechanism. It is well 
acknowledged that the mechanism can balance the conflict of 
economy development and emission reduction. The impact of 
carbon cap and trade mechanisms on utilities’ strategies in 
electricity market is analyzed in [7]. In addition, power system 
models considering cap and trade mechanisms are proposed to 
obtain the optimal operation method considering carbon-
constrained policies [8-10]. However, the carbon-constrained 
mechanism itself has brought a difficult issue to the policy 
maker, who is responsible for designing reasonable carbon 
reduction regulations as well as guarantee the rationality of the 
designed mechanisms [11]. 
Considering the difficulties of policy making and the 
impacts of different policies on power system operations, this 
paper is organized as follows: Section II introduces the 
incentives of work and the problem formulation. The detailed 
mathematical model is described in Section III, including the 
objective function and constraints. In Section IV, three cases 
are studied in order to study the effects of carbon charges and 
carbon trading mechanisms on power system operations. In 
the cases, the energy exchange in the electricity market, 
carbon emission costs, and carbon trading are included in the 
economic dispatch model. Generation schedules are obtained 
for different cases. The impacts of carbon policies on 
generation scheduling and electricity markets are studies and 
analyzed. The conclusion is drawn in Section V to summarize 
the work of this paper. 
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II. PROBLEM FORMULATION
Traditional power system dispatch is based on the 
economic dispatch model that minimizes total generation cost. 
As global warming problem has drawn more concerns 
nowadays, carbon emission has become one of the new 
constraints of system operation. In an electricity market, the 
energy exchange and exchanging price also affect the result of 
system operation and generation scheduling. 
Carbon emission, as one of the future primary concerns of 
system dispatch model, has brought a critical problem of 
including carbon policies and trade mechanisms by 
interpreting them into mathematical expressions. It is 
important to study the impact of carbon emission policies on 
system generation scheduling. Besides, setting reasonable 
carbon emission prices and allowances is quite difficult and 
significant for regulators as well. Therefore, it is necessary to 
build a model that can include carbon-constrained policies and 
different carbon emission reduction policies in economic 
dispatch and study their effects on system operation and 
generation scheduling. 
This model could be used by the system operator to 
estimate the impact of government policies on power system 
operations, and as a basis of power system planning, market 
design, and investment decisions. On the other hand, the 
model could as well be used to formulate reasonable carbon-
related policies by regulators and authorities, in order to make 
the assessment of the degree of a policy that affects users and 
power generation companies before it is implemented. 
The model is proposed based on the traditional economic 
dispatch while introducing carbon emission related policies in 
the model. The emission cost of CO2 for a power generator is 
first considered. Then, carbon quota trading mechanism,
which has been implemented in some countries and areas, is 
also taken into consideration. In addition to selling electricity, 
the income of carbon quota trading should be taken into 
account as part of the profit of the generation company. 
The problem is formulated step-by-step, and the model can 
be used to simulate following cases: 
? Traditional economic dispatch considering energy 
exchanges with external systems. 
? Considering policy-guided carbon emission price in 
economic dispatch. 
? Considering the cap-and-trade mechanism in the model. 
In this paper, a modified Optimal Power Flow (OPF) 
model considering carbon emission cost and carbon quota 
trading is proposed. The constraints include power flow 
constraints, carbon emission constraint, power exchange 
constraint, generation limits and voltage limits. 
III. MATHEMATIC MODEL 
A modified optimal power flow (OPF) model is proposed 
for the system operator in this section. 
A. Objective function 
The objective function is to minimize the total cost of 
power generation, energy trading, carbon emission cost and 
carbon trading, as described in (1). 
ܨ = ݉݅݊ ∑ [ܥீ௜ ∙ (ܲீ ௜)]ேீ௜ୀଵ + ߩ ∙ ௘ܲ௫   
+ ∑ [ ௖ܲ ∙ ܥ஼௜(ܲீ ௜)]ேீ௜ୀଵ − ܳ஺ ∙ ொܲ                (1) 
where, NG is the total number of generators in the system, ܥீ௜
and ܲீ ௜  represent generating cost function and output of 
generator i, respectively. ߩ and ௘ܲ௫  stand for power exchange 
price and power exchange ( ௘ܲ௫ > 0  is power import, vice 
versa), respectively. ௖ܲ  and ܥ஼௜ indicate carbon emission price 
and generator carbon emission function, respectively.
ܳ஺ and ொܲ  denote the amount and price of carbon trading 
quota exceed the allowance, respectively. 
 The objective function is a quadratic function which 
includes four parts. The first two items minimize generation 
costs and energy purchase cost. The third item represents the 
cost of emitted CO2 when generating electricity. The last item 
is the benefit obtained by selling carbon quotas. The sum of 
the four items is the total cost for the system operator to 
generate and purchase electricity to supply the load plus the 
payment for its carbon emission and carbon trading. The 
objective function is to minimize the cost and payment for the 
system operator while satisfy power system and carbon 
emission constraints. 
B. Constraints 
(1) Power flow constraints 
ܲீ ௜ − ஽ܲ௜ + ௘ܲ௫ = ௜ܷ ∙ ∑ ௝ܷ ∙ (ܩ௜௝ܿ݋ݏߠ௜௝ + ܤ௜௝ݏ݅݊ߠ௜௝)௝∈௜  (2) 
ܳீ௜ − ܳ஽௜ = ௜ܷ ∙ ∑ ௝ܷ ∙ (ܩ௜௝ݏ݅݊ߠ௜௝ − ܤ௜௝ܿ݋ݏߠ௜௝)௝∈௜  (3) 
where,  ஽ܲ௜ , ܳ஽௜ , ௜ܷ  and ߠ௜௝  denote active power demand, 
reactive power demand, voltage at bus i and phase angle 
difference, respectively. 
(2) Carbon emission constraint 
According to the carbon Cap regulation in most of the 
carbon-constrained regions, the total amount of carbon 
emissions and traded carbon should be no greater than the 
prescribed quota. 
ܥܽ݌ ≥ ܥ஼௜(ܲீ ௜) + ܳ஺ (4) 
where, Cap is the allocated CO2 emission cap issued by 
governments or other authorities. 
(3) Power exchange constraint 
Power exchange with external systems should be limited 
within a reasonable range. 
− ௘ܲ௫௠௔௫ ≤ ௘ܲ௫ ≤ ௘ܲ௫௠௔௫                        (5) 
where, the power exchange limit is expressed as ௘ܲ௫௠௔௫ . 
(4) Generation limits 
ܲீ ௜ ≤ ܲீ ௜ ≤ ܲீ ௜                              (6) 
ܳீ௜ ≤ ܳீ௜ ≤ ܳீ௜                             (7) 
(5) Voltage and phase angle limits 
௜ܷ ≤ ௜ܷ ≤ ௜ܷ                                (8) 
ߠ௜ ≤ ߠ௜ ≤ ߠ௜                                 (9) 
IV. CASE STUDY AND DATA ANALYSIS
A. Network structure and generator specification 
Standard IEEE 30 bus system [12] is used for the case 
study to analyze the problem. It is assumed that different 
generators have different cost-output curves. The carbon 
emissions corresponding to same power output are different 
for different generators. Character curves of generating costs 
and CO2 emissions are shown in Fig. 1 and Fig. 2, respectively.
One of the 132kV nodes is chosen as the portal of power 
import and export from the external system. The objective 
function is minimized to obtain the optimal generation outputs 
for each generator subject to its cost function and emission 
characteristics. 
Figure 1. Generating Costs of Generator 1-6 
Fig. 1 shows the basic generating cost features of generator 
1-6 in the system, these characteristics can be fitted by 
quadratic curves. Sorting from high to low, the order varies in 
different output intervals, and some of the major stages are as 
follows:  
? When the output power is between 20$ and about 35$, the 
sequence of generation cost is: generator 4 > generator 3 > 
generator 1> generator 5/6 > generator 2. 
? When the output is between around 35$ and 80$, the 
order is: generator 4 > generator 3 > generator 1 > 
generator 5/6 > generator 2. 
? When the output is over 80$, the generation cost can be 
sorted as: generator 2 > generator 4 > generator 3 > 
generator 1 > generator 5/6. 
Figure 2. Carbon Emission Characteristics of Generator 1-6 
As it is shown in Fig. 2, the sequence of CO2 emission of 
each generator is: generator 4 > generator 5/6 > generator 1> 
generator 2 > generator 3. 
B. Base case without considering carbon emissions 
The base case only minimizes total generation cost and 
energy purchase cost, which are the first two items of (1). The 
optimal generation schedule results will be affected by the 
price of energy exchange with external systems. Generation 
schedules of each generator are obtained with different energy 
exchange prices. The results are given in table ?.
TABLE I. OPTIMAL GENERATION SCHEDULES CORRESPONDING TO
DIFFERENT POWER EXCHANGE PRICES WITHOUT CONSIDERING CARBON 
EMISSION REGULATION
࣋ Generation Schedule (MW)
($) ࡼࡳ૚ ࡼࡳ૛ ࡼࡳ૜ ࡼࡳ૝ ࡼࡳ૞ ࡼࡳ૟ ࡼࢋ࢞
0 47.96 44.31 59.31 35.66 82.24 82.64 80
36 47.96 44.31 59.31 35.66 82.24 82.64 80
37 48.89 44.76 60.68 37.71 83.77 83.73 72.45
38 51.97 46.23 65.26 44.55 88.79 87.34 47.51
39 55.04 47.81 69.84 51.43 93.74 90.91 22.75
40 58.08 49.33 74.41 58.32 98.62 94.40 -1.69
41 66.04 50.83 78.90 65.14 100 97.83 -22.27
42 64.10 52.34 83.39 71.99 100 100 -40.21
43 67.16 53.87 87.93 78.91 100 100 -56.17
44 70.18 55.39 92.41 85.77 100 100 -71.85
45 71.75 56.17 94.75 89.35 100 100 -80
The power exchange limit is set as 80 MW, by running the 
optimization model, the power exchange changes from the 
maximum power import to maximum power export with the 
exchanging price increasing from 36$ to 45$. The generation 
schedule keeps unchanged when ߩ  is below 36$ (the 
generation schedule is the same as when ߩ = 36$) and above 
45$(the same as when ߩ = 45$ ). Power exchange drops near 
the lowest at ߩ = 40$, which means that the power supply and 
demand are almost balanced and the exchanging price reflect a 
reasonable average generating cost of the studied system.
Figure 3. Generator Outputs and Power Exchange corresponding to 
Different Power Exchange Prices 
Fig. 3 shows the generation schedule changes of 
generators with power exchange price increases from 36$ to 
45$. It is found that the power exchange is the incentive of 
generation schedule update. When ௘ܲ௫  is at a relative low level 
(below 35$), generation schedule keeps unchanged, and the 
system imports power from external systems at the upper limit 
of power exchange since importing energy is such a cost 
efficient approach to minimize the total cost. Generator 5 and 
6 are dispatched at their highest outputs because they are quite 
cost efficient. On the other hand, due to the highest cost of 
generator 4, it contributes the least in total generation. The 
other generators’ outputs are in the middle. With ௘ܲ௫  keeps 
increasing from 35$ to 38$, the value of power exchange 
starts dropping, which means it is more worthwhile to increase 
the total generation to fulfill the demand within the system 
than import high price power from external systems. While the 
power exchange price continues increasing from 39$, all of 
the generators in this system increase their outputs. Because 
generator 5 and 6 are always quite economical in different 
output intervals according to the generation cost features in 
Fig. 1, their outputs proceed to rise till the upper limit is 
reached. Generators 3 and 4 have high generation cost in 
lower generation interval and become more cost efficient as 
the outputs increase. Therefore, the outputs dispatched do not 
contribute much to the total generation when system is 
importing power. However, as power exchange price and total 
generation grows, outputs of generator 3 and 4 go up sharply 
to fulfill the power demand in the system. 
As the power exchange price increases from 35$ to 47$,
the value of power exchange decreases from upper limit to 
lower limit, and generation outputs of all generators climb up, 
which indicates that, as the power exchange price increase to a
much higher level, even the most expensive generator 
increases the output. The system will generate more power for 
export in order to make extra profit and minimize the cost of 
generations. 
C. With carbon emission cost introduced 
In this case, the carbon emission charges are considered 
using the third item of (1) in addition to traditional economic 
dispatch. 
In this case, power exchange price is fixed to 40$, at which, 
in the previous case study, power supply and demand are 
approximately balanced, and the optimal generation schedules 
are listed with carbon emission price increasing from 0$ to 
8$ as in table II??
TABLE II. OPTIMAL GENERATION SCHEDULES CORRESPONDING TO 
DIFFERENT CARBON EMISSION PRICES
ࡼࢉ Generation Schedule (MW)
($) ࡼࡳ૚ ࡼࡳ૛ ࡼࡳ૜ ࡼࡳ૝ ࡼࡳ૞ ࡼࡳ૟ ࡼࢋ࢞
0 58.04 49.33 74.41 58.32 98.62 94.40 -1.69
1 50.92 46.91 74.69 25.42 76.50 76.74 80
2 50.81 49.50 88.82 15.98 71.18 71.31 80
3 56.95 52.25 100 7.87 66.60 66.67 80
4 66.883 56.031 100 3.88 64.37 64.37 80
5 66.54 59.72 100 0.07 62.25 62.19 80
6 70.07 62.82 100 0 59.04 58.98 80
7 73.40 65.84 100 0 55.93 55.89 80
8 76.56 68.79 100 0 52.93 52.93 80
It is obvious that as long as carbon emission charges are 
brought in, the generation schedule changes significantly. 
Power exchange jumped to the upper bound and the system 
start importing energy from the external systems. Generator 
CO2 emission characteristics has become one of the dominant 
factors in the optimization of generation scheduling.  
Figure 4. Generator Output and Power Exchange corresponding to 
Different Carbon Emission Prices 
Fig. 4 shows the intuitive scatter plots of generation 
schedule changes as carbon emission price increases. Compare 
with the results in Fig. 3, generation schedules in this case are 
quite different, which is because of the regulated carbon 
emission price has increased the integral cost of power 
generation. Besides, the carbon emission price ௖ܲ  can be 
considered as the weighting parameter in the mathematical 
model and adjust the weight of carbon emission cost to the 
total cost.  
From Fig. 2, it is shown that, for a given amount of power 
generation, the emission of CO2 is the highest for generator 4,
and the lowest for generator 3. Emissions from generator 5/6, 
generator 1 and generator 2 are in the between. The output of 
generator 4 drops to zero as carbon emission price rises 
because of the high level of its carbon emission cost. The 
situations of generator 5/6 are similar due to the comparable 
features of carbon emission. The output of generator 3, on the 
other hand, changes in the opposite way, as its emission cost 
character is the least among all the generating units in the 
system. 
D. With consideration of Cap and Trade mechanism 
CO2 Cap and Trade mechanism is widely accepted and 
implemented in most of the carbon-regulated countries and 
regions. In this case, the optimization model includes all the 
items of objective function and constraints described in 
Section III. 
The carbon emission price is set as ௖ܲ = 5$ . And the 
power exchange price is fixed at ߩ = 69$ so that the power 
exchange drops to a relative low level, which means that the 
power generated and the demand within the area are almost 
balanced.
TABLE III. OPTIMAL GENERATION SCHEDULES CORRESPONDING TO 
DIFFERENT CARBON EMISSION  QUOTA PRICES
ࡼࡽ Generation Schedule (MW)
($) ࡼࡳ૚ ࡼࡳ૛ ࡼࡳ૜ ࡼࡳ૝ ࡼࡳ૞ ࡼࡳ૟ ࡼࢋ࢞
0 79.51 66.71 100 30.01 83.41 76.63 -4.96
1 70.07 62.82 100 0 59.04 58.99 80
2 73.40 65.84 100 0 55.93 55.89 80
3 76.56 68.79 100 0 52.93 52.93 80
4 79.56 71.67 100 0 50.05 50.09 80
5 82.41 74.48 100 0 47.27 47.38 80
6 85.11 77.23 100 0 44.60 44.78 80
7 87.68 79.91 100 0 42.02 42.29 80
8 90.13 82.53 100 0 39.54 39.89 80
9 92.46 85.09 100 0 37.14 37.58 80
10 94.67 87.60 100 0 34.82 35.37 80
Compare the data with case C, it is found in Table III and 
Fig. 5 that generation schedule changes are more sensitive to
quota prices than carbon emission charges. As generator 4 has 
the least effect on reducing CO2 emission, its output drops to 
zero once the carbon quota is traded. Generator 3 has always 
been operated in full load as a result of its effectiveness in 
limiting carbon emissions. Generator 1 and 2 emit less CO2
than generator 5 and 6, therefore, as carbon quota price rises,
power output of generator 1 and 2 go up, while output of 
generator 5 and 6 go down. 
Figure 5. Generator Outputs and Power Exchange corresponding to 
Different Carbon Emission Quota Prices 
Observe the scatter plots of generation schedules in Fig. 5, 
generator outputs change in proportional to the quota price 
changes, which indicate that the carbon quota trading 
mechanism reduces CO2 emission more directly and 
efficiently than carbon emission charges. 
Another factor should be noted is the Cap of the total CO2
emission volume in the system. The Cap volume assumed to 
be decided and allocated by the government or other 
authorities, who have been facing the problem of calculating a
reasonable value of the Cap since this mechanism was first 
launched. In this paper, the volume of cap does not have an 
obvious impact on generation scheduling. However, the 
influence of carbon emission cap cannot be ignored in an 
actual power system. One of the possible explanations for this 
phenomenon may be because of the item of power exchange 
in (1). A portal exchanging energy allows carbon constraints 
and cost transferring to an external system with better 
efficiency of carbon emission reduction. Under this condition, 
System operator can manage to balance the profit of selling 
electricity and the cost of carbon emission according to 
different price of power exchange and carbon emission, which 
should be taken serious consideration in generation scheduling 
in order to minimize the total cost. Impact of carbon cap 
volume will be discussed using a further modified model in 
the future work.  
V. CONCLUSION
In this paper, the impact of policy-guided carbon trading 
mechanism is discussed. By modeling the optimal power flow 
considering carbon emissions, the conclusion can be drawn 
that carbon-related regulations can be quite influential to 
system generation scheduling. Generators with lower CO2
emissions generate more power and the system tends to import 
power from external systems as the carbon charge rises. It is 
also found that generation scheduling is more sensitive to the 
carbon quota trading. Generator outputs change linearly as the 
carbon quota price changes. The quota auction mechanism 
design will be discussed in the future work. 
The trading of carbon emission rights is a relative new 
concept. However, it is widely acknowledged that the 
integration of power market and carbon trading market will 
significantly change the mode of power system operation and 
improve the optimization of power system resources. 
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